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Abstract
Human fetal thermoregulation, maternal-fetal heat exchange, and the role of the umbilical
cord in these processes are not well understood. Ethical and technical limitations have
restricted current knowledge to animal studies, that do not reflect human morphology. Here,
we present the first 3-dimensional computational model of the human umbilical cord with
finite element analysis, aiming to compute the maternal-fetal heat exchange. By modelling
both the umbilical vein and the two umbilical arteries, we found that the coiled geometry of
the umbilical artery, in comparison with the primarily straight umbilical vein, affects blood
flow parameters such as velocity, pressure, temperature, shear strain rate and static
entropy. Specifically, by enhancing the heat transfer coefficient, we have shown that the
helical structure of the umbilical arteries plays a vital role in the temperature drop of the
blood, along the arterial length from the fetal end to the placental end. This suggests the
importance of the umbilical cord structure in maternal-fetal heat exchange and fetal heat
loss, opening the way for future research with modified models and scenarios, as the basis
for early detection of potential heat-transfer related complications, and/or assurance of fetal
wellbeing.
Introduction
The uterus provides a comparatively stable thermal environment for fetal development. Dur-
ing gestation there is a constant temperature gradient between the mother and the fetus (heat
clump) (ΔΤmf), with the fetal temperature being consistently 0.3–0.5˚C higher than the mater-
nal core temperature [1–4]. The fetus maintains a higher temperature than the mother, at a
constant level of difference, even if the maternal core temperature rises. Although, the fetal
thermoregulation is dependent on maternal temperature status and conditions [3, 5–7], the
fetus generates heat as a by-product of its metabolism. The heat that is generated by the fetus,
is eliminated through the mother [8].
This maternal-fetal thermal gradient, that appears to be the same in all mammals [3–9],
including humans [2], allows heat to flow from the warmer fetus to the cooler surroundings
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and to the mother, in accordance with the first statement of the second law of thermodynam-
ics. The placenta/umbilical cord unit is the main route through which the heat transfer process
occurs, and therefore through which this constant thermal equilibrium (the balance between
the rate of heat production and heat loss) is achieved [3].
Current knowledge is based on a highly cited study conducted in 1985, which included ten
ewe/fetal lamb dyads. In this study, researchers found that 84.5% of the heat that was produced
by the fetal lamb exited back to the mother through the umbilical circulation (convective path-
way). The remaining 15.5% was dissipated through the fetal skin to the amnion, and then
through the uterine wall to the maternal abdomen (conductive pathway) [9]. This and later
studies therefore suggested that the umbilical cord (UC), which channels the blood circulation
between the fetus and the placenta and vice versa, plays a vital role in this heat transfer process
[10, 11]. Several researchers have investigated fetal metabolic processes and heat production,
and have assessed the influence of maternal temperature alterations (hyperthermia/fever or
hypothermia). However, these studies were all performed in animals (ewes) so there is no
direct knowledge about these processes in humans [3–5]. The only related human study (pub-
lished in 1969) recorded the maternal and fetal temperature, including the temperature of the
amniotic fluid and the placenta during Caesarean section. This study did not assess maternal-
fetal heat exchange and included no data relating to pregnancy [2].
Animal models are of limited use due to species differences in structure and biochemistry
of the fetal/placental unit [12, 13]. The human UC consists of one umbilical vein (UV) that
supplies oxygenated and nutrient-rich blood to the fetus and two umbilical arteries (UAs)
coiled around it, that transfer the nutrient-depleted blood back to the placenta. These vessels
are embedded in Wharton’s jelly and surrounded by a single layer of amnion [10, 11]. In con-
trast to the human UC, the lamb UC has two UVs and two UAs [14], and its placenta is quite
different [15].
Increasing knowledge about the nature and function of the heat-transfer situation of the
human fetus could offer potential for understanding aspects of fetal growth, health, and
pathology. However, there are obvious ethical and technical limitations to examining this pro-
cess in-vivo. Consequently, the role of the UC in the human maternal-fetal heat transfer is not
well understood.
As a first step in addressing this problem, and to understand for the first time the heat
exchange from the fetus to the mother and vice versa, we investigated a 3-dimentional (3D)
computational model of the human UC, including the umbilical vein (UV) and both the coiled
umbilical arteries (UAs). The effects of the UV and UAs geometry on blood flow properties
such as velocity, pressure, temperature, shear strain rate (SSR) and static entropy, were exam-
ined. To frame this work, we first undertook a comprehensive scoping review of the existing
literature in this area.
Methods
Scoping review
The question for the scoping review was to identify what studies exist in relation to the use of
3D computational modelling with finite element analysis (FEA) for the study of the human
UC.
The review was undertaken using the methodological framework described by Arksey and
O’Malley (2005) [16].
Search strategy. The search was conducted in Scopus by two authors (October 2018). A
sensitive syntax including a comprehensive list of keywords and medical subject heading
(MeSH), was used to ensure that all relevant literature was identified. The search was designed
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to retrieve all articles combining the concepts of: [TITLE-ABS-KEY] (“umbilical cord”) or
(“fetal-placental circulation”) or (“fetoplacental circulation”) and (“computational model�”)
or (“computer simulation”) or (computer� models) or (“in silico”) or (“fluid dynamics”) or
(“fluid simulation”) or (“numerical study of fluid”). No language restriction was applied. Sco-
pus is a multi-disciplinary database indexing resources in health sciences, engineering, physics
etc., which offers 100% coverage of MEDLINE, EMBASE and Compendex. The database
includes papers from 1966 [17]. It was considered by the authors as the most suitable, as it con-
tains the majority of the records in the field of our interest.
Inclusion/exclusion criteria. Records were not excluded on the grounds of quality, date
of study or language [16], as the purpose was to scan the literature and to determine the up to
date reported studies and gaps. Only publications presenting the use of computational model-
ling with FEA of the human UC were included. Publications presenting animal models, not
using FEA or not having an abstract or full text available were excluded.
Screening process. Two reviewers (AT, DK) screened the identified records by titles and
abstract, according to the inclusion and exclusion criteria. Disagreement between reviewers
resulted in the article’s inclusion for full-text review. In a second stage, full-text articles were
read to identify studies related to our objectives, with any disagreements between reviewers
being screened by a third reviewer. The bibliographic reference lists of all included studies
were reviewed to identify any additional eligible publications. EndNote X9 software was used
to organize the data in the included studies.
Charting data and analysis. Two reviewers independently read each included study,
extracted relevant data and entered it into two charting tables (Tables 1 and 2). Specifically, we
looked at the characteristics of the included studies and recorded them in Table 1. A frame-
work approach was used to identify the basic characteristics of the 3D models only and their
parameters (Table 2).
Computational model
Geometry and mesh. ANSYS CFX (R19.1 Academic) was used to study the effects of the
UC’s geometry on the blood flow and heat exchange. We developed a model corresponding to
38–40 weeks of gestation. Dimensions and other characteristics were based on information
obtained from the literature, related to this gestational age. Although UC at term has consider-
able variation ranging from 30cm-100cm (<30cm is considered as short and>100cm as
long), for the purpose of our model an average length of 60cm was used [11, 18]. The UV
diameter was set to 8.3mm and UAs diameter to 4.2mm, both assuming as constant thought
the length of the UC [11, 18]. The UC was considered as uniform, with the two UAs twisted
counter-clockwise over the UV. UAs had one coil every 5cm along UC’s length (total 12 spi-
rals), which gives an umbilical coiling index (UCI) of 0.2coil/cm [19]. The UV was modelled
as a rigid straight pipe and the UAs as rigid helical pipes (Fig 1a and 1b). As, the gelatinous
substance of Wharton’s jelly surrounds the UV and UAs, a distance of 0.20 mm between the
two surfaces (UV and UAs) was applied. Wharton’s jelly was not of this study’s interest and
was not simulated. In order, to achieve numerical convergence and to consume less computer
resources and computing time, two mesh designs were used. The percentage differences of
both velocity and temperature profiles were calculated less than 5% (Table 3). Initially, a sparse
grid was used (Nodes 20,048; Elements 13,750; Hexahedral 13,750) which was then refined to
a dense mesh (Nodes 424,216; Elements 1,102,788; Tetrahedral 457,002; Wedges 633,890;
Prisms 11,896) (Fig 1c and 1d). A maximum edge length equal to 0.001m and a minimum
edge length 0.0001m were chosen to resolve the boundary layers formed near all solid surfaces.
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For the dense grid the residual Root-Mean-Square (RMS) error values in 1,000 iterations were
between 10−5–10−7 for the mass and momentum components. For the sparse grid the residual
RMS error values in 10,000 iterations were between 10−4–10−5 for the mass and momentum
components.
Mathematical model and computational details. For the purpose of our model, in all
simulations the blood flow inside both the UV and UAs was considered as steady, laminar and
incompressible. No slip boundary conditions were applied at the vascular walls [20]. During
the simulation the mass and momentum conservation equation was used written in the
Table 1. Summary of papers meeting inclusion criteria.
Author Year Country Stated aim of paper Type of
model





“Develop the first mathematical model of
steady blood flow through the coiled structure
of an UA”
3D ANSYS CFX 10 ANSYS
Workbench
1. The driving pressure for a given blood flow
rate is increasing as the number of coils in
cord structure increases.
2. The coiled structure is resulting in
interwoven streamlines along the helix and
WSS with significant spatial gradients along
the cross-sectional perimeter.
3. The number of coils does not affect the
distribution and levels of WSS (but when the
coils are more spread the maximal WSS is
significantly smaller.
4. Cases with twisted and over coiled (OC)
cords seem to yield very large values and
gradients of WSS, which may place the fetus




2011 USA “To establish a relationship between the
constriction and the appearance of the notch
in flow velocity waveforms downstream of the
constriction”
2D COMSOL (UMFPACK) 1. Notching in envelope flow velocity
waveforms (FVW) is not present in flows
with less than a 75% constriction.
2. Notching disappears as the vortex wave is




2017 Singapore “Characterisation of the umbilical vascular
Wall Shear Stress (WSS) environments using
clinical ultrasound scans combined with
computational simulation. Investigation of UA
coiling in influencing hemodynamic conditions
during the UC bending”
3D ANSYS workbench 1. Umbilical vein WSS showed a significant
negative correlation with the vessel diameter,
but UA did not show any correlation.
2. Due to the helical geometry of UAs,
bending of the umbilical cord did not
significantly alter the vascular resistance or
WSS, unlike that in the UVs.
Shah et al
[20]
2017 USA “The individual and combined effects of
umbilical coiling index, cord length and
arterial diameter on umbilical artery
hemodynamics”
3D SolidWorks 2016 (Dassault
Systemes)
Specific combinations of umbilical coiling
index, cord length and arterial diameter




2018 Singapore “To characterize umbilical vascular WSS
environment in normal and intrauterine
growth restriction (IUGR) pregnancies, and
evaluate correlation between WSS and
vascular diameter, and gestational age”
3D ANSYS 18.1 Academic Despite having reduced flow rate and
vascular sizes, IUGR UAs had hemodynamic
mechanical stress environments and trends
that were similar to those in normal
pregnancies. This suggested that endothelial
dysfunction or abnormal mechanosensing




2018 Australia “A fluid dynamic study of blood flow within






The presence of vessel helicity dampens
extreme pressures within the arterial cycle
and may provide another possible
evolutionary benefit to the coiled structure of
the cord.
https://doi.org/10.1371/journal.pone.0231997.t001
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þr � ðr~UÞ ¼ 0 ð1Þ
[In Eq (1), ρ is the fluid density and ~U is the velocity vector].
Fig 1. An UC of 60cm total length was modelled (a). The UV was designed as a uniform straight tube, with two
uniform UAs twisted over it (b). A sparse and a dense mesh (c) were selected.
https://doi.org/10.1371/journal.pone.0231997.g001
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The momentum equation expresses Newton’s second law where the force per unit mass is




þr � ðr~U � ~UÞ ¼ r � ð  pdþ mðr~U þ ðr~UÞTÞÞ ð3Þ
[In Eq (3) p is the fluid pressure and ~U is the velocity vector]
Replacing the corresponding terms of the equation gives us the Navier-Stokes equations,





































































































































































































As there are limited data related to fetoplacental blood viscosity, the values in our simula-
tion were based on the study from Jouppila et al (1986) [21] who measured the UC blood flow
Table 3. Velocity and temperature values for UA and UV inputs and outputs for both grids. The two grids showed
percentage difference<5%.
Mesh Type % difference (<5%)
Sparse grid Dense grid
Velocity (m/s) mean value Artery Input 0.590 0.603 2.179
Artery Output 0.366 0.355 3.051
Vein Input 0.304 0.304 0.000
Vein Output 0.182 0.190 4.354
Temperature (K) mean value Artery Input 310.650 310.648 0.001
Artery Output 310.386 310.400 0.005
Vein Input 310.362 310.362 0.000
Vein Output 310.352 310.362 0.003
https://doi.org/10.1371/journal.pone.0231997.t003
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and viscosity 24 hours before delivery and directly after, and the study from Tejada-Martinez
et al (2011) [22]. Due to the lack of available data, the flow behaviour index (n) was not
included in the computations. The density was considered equal to ρ = 1,056 kg/m3 and the
viscosity μ = 0.004Ns/m2 [21, 22].
The flow was characterised as laminar based on the Reynolds number value, which in our
simulation is <2,300 and shows the importance of inertial forces in relation to viscous forces
[22]. The Reynolds number is equal to:
Re ¼
�u � D � m
r
ð10Þ
[In Eq (10), �u is the mean velocity and D is the diameter of the UA and UV]
Specifically, for the input of the UV the Reynolds number is equal to Re = 0.3059(m/s)�
0.0083(m)�1,056(kg/m3)/0.004(kg�s/m2) = 670.288. For the input of the UAs the Reynolds
number is Re = 0.6118(m/s)�0.0042(m)�1,056(kg/m3)/0.004(kg�s/m2) = 678.364.
A constant velocity at the input of each UA was set at UAin = 61.18cm/s [23] and at the
input of the UV at UVin = 30.59cm/s [11]. For computational purposes, the velocity at the out-
put of the artery was set at UAout = 35.89cm/s [23] and at the output of the vein at UVout =
17.95cm/s [11]. The blood flow in the UV has opposite direction from the blood flow in the
UAs. The blood flow in the UV has its input at the placental end and the output at the fetal
end, while the UAs have their input at the fetal end and the outputs at the placental end.
Knowing that the fetal heat production is 3.5 W�kg-’ and that the maternal-fetal tempera-
ture difference (ΔΤmf) is 0.5˚C, the total heat conductance between the fetus and the mother is
calculated as 7 W�kg-1� οC-1 [24]. The fetal weight at 39 weeks was set at 3.3kg [25]. The walls
were assumed to be smooth with heat flux for the UV walls equal to:
HfUV ¼
Hcond � FW39w � DT1
Aw
ð11Þ
[In Eq (11) Hcond is the heat conductance, FW39w is the fetal weight at 39 weeks, ΔT1 is the
temperature difference described below and Aw is the wall area).
The heat flux for the UAs walls equals to:
HfUA ¼
Hcond � FW39w � DT2
Aw
ð12Þ
[In Eq (12) Hcond is the heat conductance, FW39w is the fetal weight at 39 weeks, ΔT2 is the
temperature difference described below and Aw is the wall area).








2 for the UA wall;
The temperature difference ΔΤ1 was calculated as the difference between the intra-amniotic
temperature, which in our case was 37.3˚C (310.45K) (fetal temperature 37.5˚C-0.2˚C) [2],
and the temperature in the UV inflow, which was estimated to be equal to TUVin = 37.212˚C
(310.362K) (ΔT1 = 37.3–37.212 = 0.088˚C). The calculation of the UV temperature is described
in the next paragraph. The ΔΤ2 was calculated as the difference between the intra-amniotic
temperature, and the temperature of the UA (ΔT2 = 37.3–37.5 = -0.2˚C). The temperature
at the UAs inflow was set at TUAin = 37.5˚C(310.65K). The outlet temperature for both UV
and UAs was left free. The pressure was calculated by the programme. To the best of our
PLOS ONE Computational model for maternal-fetal heat exchange in the umbilical cord
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knowledge, there is no information available in the literature about the temperature at the
input of the UV (placental end). We therefore simulated a maternal vessel to compute the
maternal flow into the placenta until its output (input of UV). For simplicity reasons, the
model was designed as one straight uniform tube (maternal vessel) that goes through a placen-
tal mass of 0.04 thickness [26]. A total pressure of 70mmHg [27] and a total temperature of
37.0˚C (maternal core temperature) [2, 28, 29] were set at the input of the maternal vessel. The
output velocity was set equal to UVin = 30.59cm/s [11]. The total length of the maternal vessel
(tube) was 0.04m. The fetal weight was assumed equal to 3.3kg [25]. The outside temperature
of the tube (which is the temperature of the placenta) was set at 0.5˚C higher than maternal
core temperature [2, 5]. The walls were assumed to be smooth with heat flux equal to:
HfMV ¼
Hcond � FW39w � DT2
Aw
ð13Þ
[In Eq (13) Hcond is the heat conductance, FW39w is the fetal weight at 39 weeks, ΔT2 is the
the difference between the intra-amniotic temperature and Aw is the wall area]
According to Eq (13) the heat flux is:
HfMV ¼
7ðW=kg �CÞ � 3:3ðkgÞ � 0:50ð�CÞ
0:00103ðm2Þ
¼ 11; 213W=m2




A total of n = 84 records were identified by the search and screened by titles and abstract.
Sixty-seven records were excluded based on the inclusion/exclusion criteria and one for not
having an available abstract. Sixteen records were taken forward for full-text review. After
excluding 10 records (nine based on inclusion/exclusion criteria and one with no full-text
available), six records remained. Five potential additional studies were located through refer-
ence checking of included papers, but none met the inclusion criteria, so only the six records
located by the electronic search were eligible for inclusion (Table 1). Although the doctoral
thesis of Wilke (2016) [30] was relevant to our criteria, it was excluded as it contained similar
information to the paper published by the same author [31].
The first use of computational modelling with FEA for the study of the UC was only ten
years ago when Kaplan et al. (2010) [32] created the first mathematical model of the coiled UA
to assess the pressure and the wall shear stress (WSS). Apart from one study published in 2011
that used a 2D model [22], the other four were published in 2017 and 2018 (Table 1). Most of
the 3D published models (n = 5) used similar geometry and blood model, but had differences in
their inflow velocity and pressure values (Table 2). The up to date studies were focused either
on the investigation of the variations of WSS and blood flow [20, 32–34] or on how knots and
notching affect blood flow in UAs [22, 31]. Most of the included studies modeled only the UAs
and usually just one UA. Only Wilke et al (2018) [31] described the UV. However, the study
was focused on pressure and flow characteristics [31] (Table 2). Based on the above, our study is
the first that developed a complete 3D computational model of the UC, including the UV and
both the UAs, to investigate heat exchange between the fetus and the mother, including an anal-
ysis of the effects of the coiled structure on blood flow velocity, pressure and temperature along
the UAs and UV, and their contribution in fetal thermoregulation.
PLOS ONE Computational model for maternal-fetal heat exchange in the umbilical cord
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Simulations
Simulations were conducted to analyse how the UV and UAs geometry affect hemodynamic
variables such as blood temperature, blood flow velocity, pressure, SSR, static entropy; and to
investigate geometry’s role in the maternal-fetal heat exchange.
Temperature and maternal-fetal heat exchange. The temperature presented a significant
dependence on the helically coiled circular structure of the UAs. The total temperature was
310.65K (37.5˚C) at the midpoint of the UA inflow cross-section (fetal end) and dropped to
310.385K (37.235˚C) at the midpoint of the outflow (placental end). The gradual reduction of
the temperature as the fluid is moving from the one coil to the next (Figs 2a and 3), was more
noticeable in the helical cavities, where the resistance to flow is greater. This is because, the
fluid in the central part moves outwards by centrifugal forces, and the near the wall fluid is
forced inwards. It was observed that as more helical coils the fluid has to pass through, the
more its temperature decreases (Figs 2a and 3).
In contrast, the UV fluid temperature remained almost constant. Specifically, the tempera-
ture at the midpoint of the UV inflow cross-section (UVin placental end) was 310.362K
(37.212˚C) and at the midpoint of the outflow cross-section (UVout fetal end) was 310.352K
(37.202˚C) (Fig 3).
Regarding maternal-fetal heat exchange, the above results showed that the amount of the
heat that is supplied by the mother to the fetus, via the placenta, and following the umbilical
cord is almost consistent with the amount of heat received by the fetus (UVin-UVout =
37.212˚C-37.202˚C = 0.01˚C). On the other hand, the heat that leaves fetus and is transferred to
maternal circulation through placenta, showed a significant reduction (UAin-UAout = 37.5˚C-
37.235˚C = 0.265˚C). This reduction resulted in almost equal temperatures between the UAs
and the UV in the placental end (UA temperature = 37.235˚C and UV temperature = 37.212˚C;
ΔTUAout-UVin = 0.023˚C) (Fig 3).
Flow velocity. The area average velocity was calculated at the midsection of the UAs and
the UV. The average velocity presented a reduction in its values moving from the inputs of
the UAs and UV towards their outputs (Fig 2b). Higher reduction was observed in the UAs
(reduced from 1.189m/s at the input to 0.679m/s at the output), compared to the UV (reduced
from 0.306m/s at the input to 0.202m/s at the output). This was due to the UAs coiled shape
which forces a reduction in velocity. Also, according to the no slip condition the velocity was
zero on the walls (which proofed the proper operation of the model) and had its maximum
near the centre of both UAs and the UV. Fig 3 shows the velocity drop in both the UAs and
the UV.
Pressure. Pressure exhibited a similar behaviour to the temperature and the blood flow
velocity. Inside the UV, pressure presented a small drop of just 290Pa between the inflow and
the outflow [UVin-UVout = abs(-10Pa-280Pa)]. In contrast, inside the UAs pressure drop was
equal to 16,910.74Pa [UAin-UAout = 13,100.30Pa-(-3,810.44Pa)] (see Fig 3). As presented in
Fig 3 the pressure drop in each coil is higher at the coils towards the output than the coils that
are closer to the input. As described in the Eqs (2) and (9) the velocity and temperature reduc-
tion lead to the reduction of pressure.
SSR and static entropy. SSR defines the deformation caused by changes in the tempera-
ture, moisture content, chemical reactions and external forces. As in our case, there were no
external forces and/or moisture content or chemical reactions, the SSR behavior depended
on the temperature changes only. The results showed that in the cross-section of the UV the
SSR was constant, whereas in the same cross-section of the UAs the SSR was higher along the
walls, showing a reduction towards the centerline of the UA. This revealed that the tempera-
ture change and the wall heat flux affected mainly the UAs.
PLOS ONE Computational model for maternal-fetal heat exchange in the umbilical cord
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Fig 2. Illustration of the gradual reduction of the temperature as the blood was moving from the input to the output (a). The more helical coils the
velocity had to pass the more it reduced towards the output. The reduction of the velocity in the UV was lower (b).
https://doi.org/10.1371/journal.pone.0231997.g002
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Fig 3. For all the graphs the zero (0) on the x axis is the fetal end (UA input, UV output) and the 0.6m is the
placental end (UA output, UV input). The total length of the UC was 0.6m. The temperature drop in the UA, as the
blood flowed from the fetus to the placenta is shown in the relevant graph below. It can be observed that the difference
in the temperatures of UA and UV at 0m, was almost eliminated at the 0.6m. In comparison, although the reduction of
average velocity was noticeable for both UV and UAs, it was not gradual. The pressure drop was significant in the UA,
presenting an increase towards the output.
https://doi.org/10.1371/journal.pone.0231997.g003
PLOS ONE Computational model for maternal-fetal heat exchange in the umbilical cord
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Static entropy was related to the microscopic configurations as it was almost uniform
inside the UAs, while presenting an increase in the UV towards the centerline of the middle
cross-section. Specifically, near the walls of the UV the static entropy was equal to 138K/
KgK, while presented an increase at the centerline equal to 140 J/KgK. On the other hand,
for the UAs the entropy in the core of the cross-section was equal to the maximum value of
142.46 K/KgK, and showed a slight decrease equal to 142.02 J/KgK only near the tangent to
the UV wall of the artery. This result thereby demonstrating that the static entropy in UAs is
almost constant. This indicated that microscopic configurations inside the UAs were more
important according to the external wall heat flux’s influence and that the UV wall heat flux
influence was more pronounced.
Discussion
The UC is, literally, the lifeline for the fetus, as well as being a means of maternal/fetal neuro-
hormonal communication. However, despite its vital role, understanding of UV’s and UAs’
hemodynamics and heat exchange properties remained limited, due to the ethical and techni-
cal inability to directly observe their functions.
Even though umbilical blood flow research started almost two thousand years ago, when
Aristotle (350 BC) reported his observations related to cord clamping [35], the first UV
blood flow was first measured by a pulsed Doppler in 1984 [36]. The lack of techniques to
investigate UC functions antenatally has restricted technical understanding to what can be
ethically observed in animal studies [3–5, 9] or to observations of the human fetus during
surgical procedures, such as Caesarean section, or directly after birth, and before the
umbilical cord is clamped [2]. Both methods have their limitations. Most current knowledge
is based on studies published in the 1980s [5, 6, 9]. However, over the last two decades
improved imaging techniques have provided more information related to UC’s structure,
functions and hemodynamics [10, 22, 33]. Furthermore, the increase in transdisciplinary
collaborations between engineers and clinicians and the advances in FEA during the last ten
years [22, 31–34], have resulted in the first computational models of the UC. These models
are still limited, as they have generally been focused on the study of a single UA only, exam-
ining mainly the effects of the coiled structure on the pressure gradients and the influence
of knots in the blood flow [20, 22, 31–34].
As shown from our extensive literature search there is no existing 3D computational fluid
dynamics model to date that has included the role of the UC structure in the heat exchange
between the mother and the fetus. Although the importance of fetal thermoregulation and of a
thermally stable intrauterine environment is well demonstrated [3, 4, 9], there are limited stud-
ies investigating the exact route and amount of heat loss from the fetus to the mother.
As stated in the introduction, up to date knowledge is based on studies performed in ani-
mals. During the late 1960’ it was believed that the overall heat produced by the fetus was
exited by the UC and placenta, back to the maternal circulation [37, 38]. This belief shifted in
1985 based on the study by Gilbert et al [9]. This ewe/fetal lamb dyads study led to the claim
that fetal heat loss is accomplished by two avenues: a) heat exchange via the UC blood flow
(84,5%), and b) through the fetal skin to the amnion and subsequently to the maternal wall
(15.5%). This claim has become the basis of many textbooks in the field [39, 40].
To overcome in-vitro and ex-vitro limitations, we used an FEA computational modelling
for the first time to investigate heat exchange, via the umbilical circulation route. In contrast
to the above claims, our findings showed that the amount of heat that is produced by the fetus
(specifically this temperature differential-heat clump) does not reach the placental circulation
and therefore does not go back to maternal circulation [9]. Our model also demonstrates new
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knowledge, that the UA’s coiled structure enhances the heat transfer coefficient, accommodat-
ing a larger heat exchange surface in a given volume, in comparison with the straight structure
of the UV. In our model this resulted in a temperature drop of 0.265˚C between the fetal and
the placental end of the UA. This suggests that a significant amount of heat is ‘absorbed’ by
the UA, resulting in an almost equal UA outflow and UV input temperature (ΔTUAout-UVin =
0.023˚C) showing a ‘thermal symmetry’ on the placental end. This finding highlights the
importance of the UAs structure and geometry and that parameters related to them, such as
the length or the UCI, can play a vital role in the maternal-fetal heat exchange and therefore
in fetal thermoregulation. On the other hand, the predominantly straight UV ensures that the
amount of heat that flows from the mother to the fetus will reach the fetus almost unchanged.
Velocity and pressure showed a similar behaviour. This can be attributed to the fact that
the fluid atoms (blood) are trapped inside the helical curves, which leads to a faster and higher
reduction of stream velocities in UAs, in comparison with UV (no curves). The helices act as
a friction factor resulting in the reduction of thermal velocities [41, 42]. As presented in Fig 3
the encounter of more coils leads to a gradual reduction in velocity, pressure and temperature.
Therefore, the length of the UC and the number of coils are crucial factors.
The difference in pressure drop between helical and the straight tubes has been known
since 1908 [43]; and in industry the advantages of helically coiled-tubes, as heat exchangers,
are well acknowledged [44, 45]. However, the helical structure of the UC in relation to heat
exchange has never been investigated before to our knowledge. In many engineering applica-
tions helical tubes are used as the fluid stream in the outer layer flows faster that the fluid
stream in the inner layer, resulting in a velocity difference. This difference creates secondary
flow by which the heat transfer is increased. Yet, UC is a challenging organ as many parame-
ters that are significant for its modelling remain unknown or are not well-investigated. In
addition, the detail of the UC structure differs between almost every pregnancy, in terms
of length, diameter and number of coils. Future research could include models of different
lengths and diameters, as well as UCIs, in order to understand the influence of these parame-
ters in heat exchange and if there are any thresholds (number of coils or cord length) under or
above which this thermal equilibrium is disturbed. In addition, as many UCs have non-uni-
form coiling, presenting localised regions of hypercoiling or hypocoiling [30], the effect of
cord non-uniformities on the blood flow and heat exchange should also investigated. In the
future, these findings and potential thresholds could be compared to retrospective clinical data
and pregnancy outcomes to create a mechanism of early detection of potential complications,
or reassurance of likely health and optimal growth and development for the fetus. Finally,
computational modelling of several variations like cord knots, single UA, as well as simulation
of hyperthermic and hypothermic conditions would give a deeper insight of the UC effects
and hemodynamics.
The direct comparison of our results with the five studies, obtained from our literature
search (Table 2) is not applicable due to significant differences in methodologies, geometries
and characteristics. Most of the existing studies were focused on the characterisation of the
WSS [20, 32, 34], while the scope of our study was to investigate maternal-fetal heat transfer.
Velocity profiles of our study revealed similar behaviour with the results presented by other
studies where high velocity, which was observed near the centre, skewed towards the outside
wall [31–34]. The studies that investigated pressure gradient [31–34] presented results that
were in qualitative agreement with those from our study. Apart from the gradual drop of the
pressure in the UA, Kaplan et al (2010) [32] showed the driving pressure for a given blood flow
is gradually increased with the number of coils (2960Pa for 10 coils) compared with a straight
tube (1548Pa). Shah et al (2017) [20] stated that the pressure gradient showed a significant
increase for shorted cords (~206mmHg = 27,464Pa), especially when they were hypercoiled
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(~340mmHg = 45,329Pa). These findings showed the high variability of the pressure gradient
that is required to drive blood flow through a coiled structure like the UAs.
There are some limitations in our study. Our model assumed a steady blood flow through
the umbilicus. Although it is known that arterial flow is pulsatile [46], the helical structure of
the UA results in a more complex flow than the simple Poiseuille flow [47]. In addition, know-
ing that a theoretical solution to compute flow parameters in helical tubes is still under discus-
sion [47] and that a steady flow simulation in UA can represent an average pattern of the
pulsatile flow [32], the steady flow was considered as an acceptable solution which can provide
average results, with less computational time and power. Furthermore, the ratio of systolic to
diastolic blood velocity, which is described by the pulsatile blood velocity waveforms, differs
between a healthy fetus and fetus with growth restrictions, congenital anomalies and other
conditions [46]. A future model assessing the heat exchange in fetuses with different condi-
tions, using a condition dependent pulsatile flow would be highly relevant to clinical practice.
A second limitation of our study was the modelling of the UAs as rigid coiled pipes, due to
the pulsatile flow and systolic/diastolic cycles. Although the UAs are flexible, there is limited
knowledge related to their mechanical behavior and stress-strain definition [48]. To model the
UV as rigid is considered to be accurate as UV has no pulse pressure [49]. Finally, as we could
not find any information regarding the temperature of the UV input, we had to use a simpli-
fied computation to calculate this value. The computation and simulation of this structure
(maternal vessels, intervillous space, placental end) was outside of the scope of this study. A
separate study of a more representative model is needed.
Conclusion
In conclusion, we developed a 3D computational model for the blood flow in both UAs and UV,
to determine the heat exchange between the fetus and the mother in an in-silico way. Our results
showed that temperature, velocity and pressure presented significant decrease in their values
between the UA input and output, while they were almost constant between the UV input and
output. We discovered that the helical geometry of the UA played a vital role in the fetal-mater-
nal heat exchange. The curvature effect of the helical coil (greater heat transfer coefficient)
resulted in a temperature drop, as the heat was transferred from the warmer fetal end to the
cooler placental end. Consequently, fetal blood reached the placenta (UA output) with a temper-
ature almost equal to the temperature of the UV input. This proved that the amount of heat pro-
duced by the fetus does not exit back to the mother, and that the UC plays a significant role in
fetal thermoregulation. Further computational models of the above-mentioned variations would
provide a more complete insight into UC hemodynamics and fetal-maternal heat exchange.
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9. Gilbert RD, Schröder H, Kawamura T, Dale PS, Power GG. Heat transfer pathways between feta lamb
and ewe. J Appl Physiol. 1985; 59:634–638. https://doi.org/10.1152/jappl.1985.59.2.634 PMID:
4030617
10. Ferguson VL, Dodson RB. Bioengineering aspects of the umbilical cord. Eur J Obstet Gynecol Reprod
Biol. 2009; 144(Suppl):S108–S113.
11. Spurway J, Logan P, Pak S. The development, structure and blood flow within the umbilical cord with
particular reference to the venous system. Australas J Ultrasound Med. 2012; 15(3):97–102. https://
doi.org/10.1002/j.2205-0140.2012.tb00013.x PMID: 28191152
12. Hackam DG, Redelmeier DA. Translation of research evidence from animals to humans. JAMA. 2006;
296(14):1731–1732. https://doi.org/10.1001/jama.296.14.1731 PMID: 17032985
13. Bracken MB. Why animal studies are often poor predictors of human reactions to exposure. J R Soc
Med. 2009; 102(3):120–122. https://doi.org/10.1258/jrsm.2008.08k033 PMID: 19297654
14. Vlessis AA, Hovaguimian H, Arntson E, Starr A. Use of autologous umbilical artery and vein for vascular
reconstruction in the newborn. The Journal of Thoracic and Cardiovascular Surgery. 1995; 109
(5):854–857. https://doi.org/10.1016/S0022-5223(95)70308-X PMID: 7739244
15. Barry JS, Anthony RV. The pregnant sheep as a model for human pregnancy. Theriogenology. 2007;
69(1):55–67. https://doi.org/10.1016/j.theriogenology.2007.09.021 PMID: 17976713
16. Arksey H, O’Malley L. Scoping studies: towards a methodological framework. Int J Soc Res Methodol.
2005; 8(1):19–32.
PLOS ONE Computational model for maternal-fetal heat exchange in the umbilical cord
PLOS ONE | https://doi.org/10.1371/journal.pone.0231997 July 28, 2020 16 / 18
17. Burnham JF. Scopus database: a review. Biomed Digit Libr. 2006; 3:1. https://doi.org/10.1186/1742-
5581-3-1 PMID: 16522216
18. Di Naro E, Ghezzi F, Raio L, Franchi M, D’Addario V. Umbilical cord morphology and pregnancy out-
come. Eur J Obstet Gynecol Reprod Biol. 2001; 96(2):150–157 https://doi.org/10.1016/s0301-2115
(00)00470-x PMID: 11384798
19. Strong TH Jr, Jarles DL, Vega JS, Feldman DB. The umbilical coiling index. Am J Obstet Gynecol.
1994; 179:29–32.
20. Shah RG, Girardi T, Merz G, Necaise P, Salafia CM. Hemodynamic analysis of blood flow in umbilical
artery using computational modeling. Placenta. 2017; 57:9–12. https://doi.org/10.1016/j.placenta.
2017.05.017 PMID: 28864024
21. Jouppila P, Kirkinen P, Puukka R. Correlation between umbilical vein blood flow and umbilical blood vis-
cosity in normal and complicated pregnancies. Arch Gynecol. 1986; 237(4):191–197. https://doi.org/
10.1007/BF02133781 PMID: 3963891
22. Tejada-Martinez AE, Borberg CJ, Venugopal R, Carballo C, Moreno WA, Quintero RA. Computational
fluid dynamic analysis of flow velocity waveform notching in umbilical arteries. American Journal of
Physiology–Regulatory Integrative and Comparative Physiology. 2011; 300(1):R76–R84.
23. Acharya G, Wilsgaard T, Berntsen GKR, Maltau LM, Kiserud T. Reference ranges for serial measure-
ments of blood velocity and pulsatility index at the intra-abdominal portion, and fetal and placental ends
of the umbilical artery. (Supplementary material Appendix S1, Table S6 and Table S9). Ultrasound
Obstet Gynecol. 2005; 26:162–169. https://doi.org/10.1002/uog.1902 PMID: 15883983
24. Schroder HJ, Power GG. Physiological Society Symposium: Fetal-Placental interactions. Engine and
radiator: Fetal and placental interactions for heat dissipation. Experimental Physiology. 1997; 82:403–
414. https://doi.org/10.1113/expphysiol.1997.sp004035 PMID: 9129954
25. Nicolaides KH, Wright D, Syngelaki A, Wright A, Akolekar R. Fetal medicine foundation fetal and neona-
tal population weight charts. Ultrasound Obstet Gynecol. 2018; 52(1):44–51. https://doi.org/10.1002/
uog.19073 PMID: 29696704
26. Karthijeyan T, Subramaniam RK, Johnson WMS, Prabhu K. Placental thickness and its correlation to
gestational age and foetal growth parameters–A cross sectional ultrasonographic study. J Clin Diagn
Res. 2012; 6(10):1732–1735. https://doi.org/10.7860/JCDR/2012/4867.2652 PMID: 23373039
27. Wang Y. Placental blood circulation. In: Wang Y, editor. Vascular biology of placenta ( 2nd ed). USA:
Morgan & Claypool Life Sciences; 2017. pp 3–12
28. Saini P, Kaur S, Bindu K, Jasbir K. Effect of controlled room temperature on oral and axillary body tem-
perature among healthy young people. Nursing and Midwifery Research Journal. 2014; 10(4): 166–
174.
29. du Toit L, van Dyk D, Hofmeyr R, Lombard CJ, Dyer RA. Core temperature monitoring in obstetric spinal
aesthesia using an ingestible telemetric sensor. Anesthesia & Analgesia. 2018; 126(1):190–195.
30. Wilke DJ. Pressure and flow within the umbilical vessels. Ph.D. thesis, The University of Adelaide.
2016. https://digital.library.adelaide.edu.au/dspace/bitstream/2440/105981/2/02whole.pdf
31. Wilke DJ, Danier JP, Khong TY, Mattner TW. Pressure and flow in the umbilical cord. Journal of Biome-
chanics. 2018; 79:78–87. https://doi.org/10.1016/j.jbiomech.2018.07.044 PMID: 30146174
32. Kaplan AD, Jaffa AJ, Timor IE, Elad D. Hemodynamic analysis of arterial blood flow in the coiled umbili-
cal cord. Reproductive Sciences. 2010; 17(3):258–268. https://doi.org/10.1177/1933719109351596
PMID: 20023275
33. Saw SN, Dawn C, Biswas A, Mattar CNZ, Yap CH. Characterization of the in vivo wall sheer stress envi-
ronment of human umbilical arteries and veins. Biomechanics and Modeling in Mechanobiology. 2017;
16(1):197–211. https://doi.org/10.1007/s10237-016-0810-5 PMID: 27456489
34. Saw SN, Poh YW, Chia D, Biswas A, Mattar CNZ, Yap CH. Characterization of the hemodynamic wall
shear stresses in human umbilical vessels from normal and intrauterine growth restricted pregnancies.
Biomechanics and Modeling in Mechanobiology. 2018; 17(4):1107–1117. https://doi.org/10.1007/
s10237-018-1017-8 PMID: 29691766
35. Bennet L. The art of cord clamping: sparing the linen or sparing the child? J Physiol. 2013; 591
(Pt8):2021–2022.
36. Gill RW, Kossoff F, Warren PS, Garrett WJ. Umbilical venous flow in normal and complicated preg-
nancy. Ultrasound Med Biol. 1984; 10(3):349–363. https://doi.org/10.1016/0301-5629(84)90169-8
PMID: 6464221
37. Abrams R, Caton D, Clapp J, Barron DH. Thermal and metabolic features of life in utero. Clin Obstet
Gynecol. 1970; 13:549–564. https://doi.org/10.1097/00003081-197009000-00005 PMID: 5493911
38. Adamsons K Jr, Towell ME. Thermal homeostasis in the fetus and newborn. Anesthesiology. 1965;
26:531–548. https://doi.org/10.1097/00000542-196507000-00017 PMID: 14313463
PLOS ONE Computational model for maternal-fetal heat exchange in the umbilical cord
PLOS ONE | https://doi.org/10.1371/journal.pone.0231997 July 28, 2020 17 / 18
39. Power GG, Blood AB. Thermoregulation. In: Polin RA, Fox WW, Abman SH, editors. Fetal and Neonatal
Physiology ( 4th ed). USA: Elsevier (Saunders); 2011. pp 615–623.
40. Blackburn ST. Thermoregulation. In: Blackburn ST, editor. Maternal, Fetal & Neonatal Physiology: A
Clinical Perspective ( 4th ed). USA: Elsevier; 2013. pp 657–679.
41. Ali S. Pressure drop correlations for flow through regular helical coil tubes. Fluid Dynamics Research.
2001; 28:295–310.
42. Kasiteropoulou D., Karakasidis T. & Liakopoulos A. Mesoscopic simulation of fluid flow in periodically
grooved microchannels. Computers & Fluids. 2013; 74:91–101.
43. Grindley JH, Gibson AH. On the frictional resistance to the flow of air through a pipe. Proceedings of the
Royal Society of London. Series A, Containing Papers of a Mathematical and Physical Character
(1905–1934). 1908; 80(536): 114–139.
44. Zachár A. Analysis of coiled-tube heat exchangers to improve heat transfer rate with spirally corrugated
wall. International Journal of Heat and Mass Transfer. 2010; 53(19–20):3928–3939.
45. Prabhanjan DG, Raghavan GSV, Rennie TJ. Comparison of heat transfer rates between a straight tube
heat exchanger and a helically coiled heat exchanger. International Journal of Heat and Mass Transfer.
2002; 29(2):185–191.
46. Adamson SL. Arterial pressure, vascular input impedance, and resistance as determinants of pulsatile
blood flow in the umbilical artery. European Journal of Obstetrics and Gynecology and Reproductive
Biology. 1999; 84:119–125. https://doi.org/10.1016/s0301-2115(98)00320-0 PMID: 10428334
47. Liu S, Masliyah JH. Axially invariant laminar flow in helical pipes with a finite pitch. J Fluid Mech. 1993;
251:315–353.
48. Karimi A, Navidbakhsh M. A comparative study of the uniaxial mechanical properties of the umbilical
vein and the umbilical artery using different stress-strain definition. Australas Phys Eng Sci Med. 2014;
37:645–654. https://doi.org/10.1007/s13246-014-0294-5 PMID: 25151140
49. Malpas P, Symonds EM. Arterial and venous pressures in the human umbilical cord. American Journal
of Obstetrics and Gynecology. 1967; 98(2):261–265. https://doi.org/10.1016/s0002-9378(16)34596-3
PMID: 6023679
PLOS ONE Computational model for maternal-fetal heat exchange in the umbilical cord
PLOS ONE | https://doi.org/10.1371/journal.pone.0231997 July 28, 2020 18 / 18
